Background and Aims: Joubert Syndrome (JS) is a rare, inherited, ciliopathy defined by cerebellar and brainstem malformations and is variably associated with liver, kidney, and ocular dysfunction. This study characterizes the hepatic findings in JS and identifies factors associated with probable portal hypertension. Methods: Hundred individuals with JS were prospectively evaluated at the National Institutes of Health Clinical Center. Laboratory tests, imaging, and DNA sequencing were performed. Patients were stratified based on the spleen length/patient height ratio as a marker of splenomegaly, used as a surrogate for probable portal hypertension. Results: Forty-three patients (43%) had liver involvement based on elevated liver enzymes and/or liver hyperechogenicity and/or splenomegaly. None of the patients had macroscopic liver cysts or bile duct dilatation. Based on the spleen length/patient height ratio, 13 patients were stratified into a probable portal hypertension group. We observed significant elevations in alkaline phosphatase (269 vs 169 U/L, P 0.001), alanine aminotransferase (92 vs 42 U/L, P ¼ 0.004), aspartate aminotransferase (77 vs 40 U/L, P ¼ 0.002), and gamma-glutamyl transferase (226 vs 51 U/L, P 0.001) in the probable portal hypertension group. Platelets were lower in the probable portal hypertension cohort (229 vs 299 Â 10 3 cells/mL, P ¼ 0.008), whereas synthetic function was intact in both groups. Probable portal hypertension was also more prevalent in patients with kidney disease (P ¼ 0.001) and colobomas (P ¼ 0.02), as well as mutations in the TMEM67 gene (P ¼ 0.001). Conclusions: In JS, probable portal hypertension is associated with abnormal hepatic enzymes, as well as presence of kidney disease, coloboma, and/or mutation in TMEM67. These findings may allow early identification of JS patients who have or are more likely to develop liver disease.
What Is New
In Joubert syndrome, the cohort of patients with probable portal hypertension was found to have intact synthetic liver function, but elevated aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, and gamma-glutamyl transferase. Differing from other ciliopathies, Joubert syndrome did not carry an increased cholangitis risk. The Joubert syndrome patient cohort with probable portal hypertension was found to have an increased prevalence of mutations in TMEM67; those individuals are also more likely to have colobomas.
ataxia (1) . Diagnosis is based on the brain magnetic resonance imaging (MRI) finding of the ''molar tooth sign,'' caused by cerebellar vermis hypoplasia, thickened and horizontally oriented superior cerebellar peduncles and a deep interpeduncular fossa (Supplementary Figure 1 , Supplemental Digital Content 1, http:// links.lww.com/MPG/B168) (2) .
The disease is classified as a ciliopathy because mutations in JS genes result in dysfunction of primary, nonmotile cilia that protrude from the surface of most differentiated cells. Primary cilia are involved in transduction of various signaling pathways and play critical roles in cell growth, proliferation, and polarity (3) . Given the roles of cilia in the function of multiple cell types, individuals with ciliopathies tend to have multiorgan involvement. JS, in particular, is often associated with ocular features of retinal dystrophy and colobomas, renal disease such as nephronophthisis and polycystic kidneys, skeletal abnormalities including polydactyly, and hepatic abnormalities, generally manifesting as congenital hepatic fibrosis (CHF) (4) . This clinical heterogeneity led to the use of the term Joubert syndrome and related disorders (JSRD), which includes Senior-Løken syndrome (juvenile-onset nephronophthisis and retinal dystrophy) and COACH (colobomas, ''oligophrenia'' for cognitive impairment, ataxia, cerebellar vermis hypoplasia, and hepatic fibrosis) syndrome (5) . Recently, the term JS is recommended to refer to all individuals with the ''molar tooth sign'' including those with or without extraneurological system involvement (6) . In this article, for simplicity, we will use JS to include Senior-Løken and COACH syndromes.
CHF, the typical liver disease in various ciliopathies such as autosomal recessive polycystic kidney disease, JS, and MeckelGruber syndromes, results from embryonic malformation of ductal plates owing to dysfunctional cilia (7) . It is characterized by persistent embryonic ductal plate structures, progressive fibrosis of portal tracts, and cystic dilation of intrahepatic biliary ducts; its complications include noncirrhotic portal hypertension and/or recurrent cholangitis (7, 8) . The exact frequency of CHF in patients with JS is uncertain because CHF does not manifest at birth, but tends to develop later in life; most patients remain asymptomatic for many years. In addition, liver disease in JS may be underdiagnosed, as most physicians are unfamiliar with the multisystem nature of JS, and formal clinical management guidelines have not been published. Two recent studies reported liver disease in 9% and 14% of patients with JS (9, 10) . Ciliopathy patients with CHF can have variable signs and symptoms, ranging from asymptomatic elevations of liver enzymes to portal hypertension and its sequelae including esophageal varices and thrombocytopenia. Notably, CHF typically causes noncirrhotic portal hypertension, and patients generally have intact synthetic function and do not progress to cirrhosis (11, 12) . Ultrasonography and MRI may reveal increased liver echogenicity, liver cysts, and intrahepatic biliary ductal dilation (13) . Liver biopsy, which typically shows ductal plate malformation, abnormal branching of intrahepatic portal veins, and fibrosis of portal tracts, is usually not required because a clinical diagnosis of CHF can be made in the context of other features typical for a ciliopathy (8) .
Several studies and case reports have presented data on the hepatic manifestations of JS (10, 14, 15) . No study, however, has characterized liver disease directly in a large JS cohort and attempted to identify liver abnormalities associated with progression to portal hypertension. As portal hypertension is associated with significant morbidity, it is important to determine which individuals are at risk for developing this complication. Therefore, the goal of this study is to characterize hepatic manifestations of JS and identify parameters that predict development of probable portal hypertension.
METHODS

Patients
All subjects were prospectively evaluated at the National Institutes of Health (NIH) Clinical Center, between 2003 and 2014, under the protocol, ''Clinical and Molecular Investigations Into Ciliopathies'' (www.clinicaltrials.gov, trial NCT00068224), approved by the National Human Genome Research Institute Institutional Review Board. For patient recruitment, the study was advertised to patients and families by The Joubert Syndrome & Related Disorders Foundation as a natural history study aiming to describe the individual organ system involvement in JS, including kidney and liver disease. Patients and/or their parents gave written, informed consent. The only enrollment criterion was clinical diagnosis of JS, including Senior-Løken and COACH syndromes.
Initial phone interviews were conducted (M.G-A.) on 120 JS individuals from 105 families. Fifteen families could not travel to the NIH Clinical Center in Bethesda, Maryland; in some cases, this was because of the severity of their child's neurological and/or respiratory condition requiring intensive care. The remaining 105 JS patients from 90 families all underwent week-long clinical evaluations at the NIH Clinical Center. Based on our review of brain MRI images, 8 subjects from 6 families did not have the ''molar tooth sign,'' including 3 individuals with classical Senior-Løken syndrome (16) . In this article, we describe 100 subjects from 86 families, including 3 with Senior-Løken syndrome without molar tooth sign (with typical clinical features of severe retinal degeneration and nephronophthisis) and excluding the 5 patients without molar tooth sign, whose clinical features were nonspecific. NIH evaluations included review of medical history, family history, brain MRI images, and medical records; physical examination; high resolution abdominal ultrasonography; formal neurocognitive evaluations; electroencephalogram; complete ophthalmologic examination; and comprehensive blood and urine chemistries. Blood samples for DNA were collected from all patients and parents, when available.
The patients were classified as having chorioretinal coloboma, retinal degeneration, kidney disease, and liver disease based on clinical and laboratory evaluations performed at the NIH Clinical Center. Retinal degeneration was diagnosed based on typical findings on NIH retinal examination after dilation of pupils; when available, electroretinography findings and findings on past eye examinations were also used for decision-making. Kidney disease was defined based on decreased glomerular filtration rate and/or abnormal findings on renal ultrasonography including loss of corticomedullary differentiation, increased or decreased kidney size, and presence of cystic changes. All available brain MR images were qualitatively evaluated by a team of 5 physicians, including 2 pediatric neuroradiologists, 1 adult neuroradiologist, 1 pediatric neurologist, and 1 pediatric clinical geneticist (M.G-A.), as a group to achieve consensus (16) . Twelve families contributed >1 affected individual.
Patients were classified as having liver disease if they had elevation in liver enzymes and/or abnormal hepatic parenchyma (moderately or severely increased echogenicity) on ultrasonography. As per Shneider et al (17) , presence of portal hypertension was described as ''definite,'' if there was a history of portal hypertension-related complications or clinical findings of thrombocytopenia and splenomegaly; ''probable,'' if there was presence of only 1 of the 2 clinic findings; or, ''absent,'' if neither of the clinical findings were present. In this study, splenomegaly was determined based on increased spleen length/ patient height (SL/H) ratio, as explained in the imaging section below.
DNA Sequencing
Molecular Inversion Probes
The coding exons of 27 genes associated with JS (AHI1,  ARL13B, B9D1, B9D2, C2CD3, C5orf42, CC2D2A, CEP290,  CEP41, CSPP1, IFT172, INPP5E, KIF7, MKS1, NPHP1, OFD1,  RPGRIP1L, TCTN1, TCTN2, TCTN3, TMEM138, TMEM216,  TMEM231, TMEM237 , TMEM67, TTC12B, and ZNF423) were sequenced by combining a molecular inversion probes capture method and next-generation sequencing. For this approach, performed at the University of Washington, we used 100 ng of genomic DNA and the captured DNA was amplified by polymerase chain reaction and sequenced on either an Illumina HiSeq or a MiSeq platform (9) . Sequence reads were mapped using the BurrowsWheeler Aligner (V.0.5.9). Variants were called using the Genome Analysis Toolkit (V.2.5-2) and annotated with SeattleSeq (http:// snp.gs.washington.edu/SeattleSeqAnnotation138/).
Whole Exome Sequencing
Genomic DNA was obtained from leukocytes using standard protocols. For exome sequencing, we used the HiSeq2000 (Illumina, San Diego, CA) that employed 101-bp paired-end read sequencing. Image analysis and base calling were performed using Illumina Genome Analyzer Pipeline software (V 1.13.48.0) with default parameters (18) . Reads were aligned to a human reference sequence (UCSC assembly hg19, NCBI build 37) using a package called Efficient Large-scale Alignment of Nucleotide Databases (Illumina, San Diego, CA). Genotypes were called at all positions where there were high-quality sequence bases using a Bayesian algorithm called the Most Probable Genotype and variants were filtered using the graphical software tool VarSifter v1 (19, 20) . The database dbSNP (http://www.ncbi.nlm.nih.gov/snp/) covers the 1.22% of the human genome corresponding to the Consensus Conserved Domain Sequences.
gDNA and cDNA Sequencing
Genomic DNA was obtained from leukocytes using standard protocols. For dideoxy sequencing of gDNA, primers were designed to cover areas of variants identified by whole exome sequencing. Direct sequencing of the polymerase chain reaction amplification products was carried out using BigDye 3.1 Terminator chemistry (Applied Biosystems, Austin, TX) and separated on an ABI 3130xl genetic analyzer (Applied Biosystems Austin, TX). Data were evaluated using Sequencher v5.0 software (Gene Codes Corporation, Ann Arbor, MI).
Biochemical Testing
All patients underwent comprehensive bloodwork, including platelet count, alkaline phosphatase (AP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total and direct bilirubin, gamma-glutamyl transferase (GGT), albumin, and prothrombin time (PT). For normal ranges for the laboratory values, standard references adjusted for age and sex were used. The glomerular filtration rate was calculated using a formula based on the creatinine, cystatin C level, blood urea nitrogen, patient height, and sex (21, 22) . Additionally, the AST to platelet ratio index (APRI), used for predicting significant hepatic fibrosis or cirrhosis, was calculated for each patient (23) . (In the calculation, the AST was adjusted for the patient's age and sex). An APRI >1.0 was considered to be consistent with probable portal hypertension (23) .
Imaging Studies
Complete abdominal ultrasonography (USG) evaluations and color Doppler studies were performed on all patients by a single technologist (K.D.) using standard (4-MHz) and high-resolution (7-MHz) USG probes (AVI Sequoia Inc, Mountain View, CA). We calculated the SL/H ratio by dividing spleen length (mm) on USG by the patient's height (cm). For controls, we combined normative data on 819 children from 2 references (24, 25) . These references provided data on children younger than 17 years; for older patients, we extrapolated the normative SL/H curve. Patients with SL/H ratios greater than the upper limit of normal defined in these 2 references were classified as having splenomegaly (Fig. 1) . Dilatation of the common bile duct (CBD) was based on published normal values of <3.3 mm (1.27 AE 0.67 mm), obtained by performing USG on 173 children (26) . Adults with a CBD diameter >5 mm on USG were considered to have a dilated CBD. MRI, including magnetic resonance cholangiopancreatography (MRCP), was performed on patients who were old enough to tolerate the study without sedation. MRI was performed using a 1.5-or 3-Tesla machine (Philips Medical Systems, NA, Bothell, WA; General Electric Healthcare, Waukesha, WI) without intravenous contrast media. All USG, MRI, and MRCP images were interpreted in consensus by 2 radiologists (P.C and B.T.), a hepatologist (T.H), and a pediatrician geneticist (M.G.A). Liver echogenicity was judged to be normal or mildly, moderately, or severely increased based on the score card presented 
Statistical Analysis
Descriptive statistics were calculated for the entire cohort. Continuous variables were expressed in terms of mean and standard deviation (SD), whereas categorical variables were expressed in terms of ratios and percentages.
The cohort was subsequently stratified based on presence or absence of splenomegaly (increased SL/H ratio), which was used as a surrogate for probable portal hypertension. Statistical analysis of the data stratified by SL/H ratio was performed to determine which parameters were associated with probable portal hypertension. Parameters that were evaluated included: AST, ALT, AP, GGT, platelet count, albumin, PT, liver imaging findings, kidney disease, retinal dystrophy, coloboma, polydactyly, and the causative gene.
Each categorical variable was examined using a simple exact logistic regression, whereas each continuous variable was examined using a simple logistic regression. Data that did not fit a normal curve were transformed using the Box-Cox transformation.
Analyses were performed in SAS 9.3 (SAS Institute, Cary, NC) and a significance level of 0.05 was used for both univariate and final models.
RESULTS
Patient Cohort
The cohort included 100 JS patients from 86 independent families. Twelve families contributed >1 child; 11 families had 2 and 2 families had 3 affected siblings. There were 43 females and 57 males. Ages ranged from 0.6 to 36 years (mean 9.1 þ 7.5 years) ( Table 1) . We identified the molecular genetic cause in 95 subjects; all 5 patients in whom no genetic cause was identified had the molar tooth sign on brain MRI (Supplementary Figure 1 , Supplemental Digital Content 1, http://links.lww.com/MPG/B168) (27) . Retinal degeneration was detected in 20%, coloboma in 30%, polydactyly in 13%, and fibrocystic kidney disease in 32%. Twenty-seven percent of patients had no extraneurological organ system abnormalities.
Presence of Liver Disease
Signs, Symptoms, and Diagnostic Evaluation
Among the cohort, 43 of 100 patients (43%) had at least 1 piece of evidence for liver involvement based on elevated liver enzymes and/or abnormal hepatic parenchyma with moderate/ severe hyperechogenicity and/or splenomegaly (Supplementary Table 1 ). In 15 of these 43 patients with liver involvement (35%), liver enzymes were elevated without splenomegaly and without definitely abnormal liver echogenicity (normal in 5 and mild hyperechogenicity in 10). In 11 of these 43 patients (26%), liver hyperechogenicity was the only abnormal finding (moderate in 9 and severe in 2).
Among the individuals with liver disease, only 4 had related signs and/or symptoms (Supplementary Table 1 , patients #8, 9, 11, 15). One had recurrent variceal bleeding (patient 11); 1 had a history of easy bruising and pruritus; 1 had hepatomegaly on physical examination, but no symptoms; and 1 had a history of 1 episode of cholangitis. No patients had evidence of splenomegaly on physical examination.
No patient with liver disease underwent endoscopy at the NIH, in the absence of clinical indication. However, 5 patients had upper endoscopies performed at outside institutions before their NIH visit (Supplementary Table 1, patients #9, 11, 12, 21, 22) . In only one of these individuals (patient 11), endoscopy was performed for hematemesis and esophageal varices were identified and treated with sclerotherapy. This patient had multiple subsequent variceal bleeds, ultimately requiring liver transplantation. The remaining 4 patients had endoscopies for other GI symptoms; none had evidence of esophageal varices.
Finally, liver biopsies were performed in 12 patients with liver disease. Biopsies from 5 of the patients were reviewed by the NIH Clinical Center Department of Pathology. All had findings consistent with CHF, which included ductal plate malformation and portal fibrosis.
Laboratory Data
Thrombocytopenia was identified in 4 of 43 (9%) patients with liver disease; 2 of these patients had evidence of splenomegaly, as defined by the SL/H ratio. AP, ALT, AST, and GGT were elevated in 12 of 43 (28%), 28 of 43 (65%), 30 of 43 (70%), and 28 of 43 (65%), respectively. When stratified into age categories, the percentage of the patient cohort with abnormal liver enzymes and thrombocytopenia increased with age and was most pronounced in patients older than 20 years (Fig. 2) .
Total and direct bilirubin were elevated in only 2 patients. In terms of synthetic function, the albumin level was low in only 1 patient, whereas 2 patients had an elevated PT. Notably, the patient with hypoalbuminemia had normal coagulation markers.
Hepatic Findings on Imaging
The entire cohort underwent abdominal USG and 15 patients, who were able to tolerate the study without sedation, had MRI and MRCP to evaluate the liver and the hepatobiliary tract and to look for stigmata of portal hypertension including splenomegaly, direc- tion of portal flow, and collateral blood vessels (Table 2) . Liver echogenicity was mildly, moderately, or severely increased in 53% (52/99), 20% (20/99), and 2% (2/99) of the cohort, respectively; the remaining 25% had normal liver echogenicity. Liver echotexture was normal in 47% of the patients, with mild, moderate, or severe granularity in 35%, 13%, and 2%, respectively. None of the patients had evidence of biliary ductal dilation, and none had evidence of small or large hepatic cysts. In terms of the stigmata of portal hypertension, the direction of portal flow was normal in the entire cohort; no patient had recanalization of the umbilical vein, and collateral vessels were present in 2 of the 100 patients.
Comparison of Cohorts With and Without Liver Involvement
The age of patients with liver involvement ranged from 0.9 to 36.2 years (11.4 AE 8.6) and was higher than that of patients with normal liver function, that is, 0.6 to 23.5 years (7.2 AE 6.1, P ¼ 0.005). Similarly, the average age of patients in the elevated ALT (11.9 vs 7.9, P ¼ 0.011) and GGT (11.3 vs 8.1, P ¼ 0.045) groups was higher in comparison to those without elevations in these enzymes. Although the average age of patients with elevated AP was also higher than that of patients with a normal AP, this difference did not reach statistical significance (12.5 vs 8.7, P ¼ 0.10). There was no statistically significant difference in the average age of patients with and without elevations in AST or with and without thrombocytopenia.
When data on subgroups of patients based on individual genes were analyzed, 21 of 22 patients with TMEM67 mutations had evidence of liver disease (P 0.001). Notably, 6 of 7 patients with the CEP290 gene mutation had no hepatic involvement (P ¼ 0.044). No apparent differences were found in the frequency of JS patients with mutations in the remaining 18 genes when the groups with and without liver involvement were compared; for the majority of these genes, the small number of patients limited interpretation.
In terms of other organ involvement associated with liver disease, colobomas were significantly more common in patients with liver disease (58% vs 19%, P ¼ 0.03) and retinal dystrophy was significantly less prevalent among patients with liver involvement (39% vs 17%, P ¼ 0.03). There was no statistically significant difference in the frequency of kidney disease or polydactyly between the groups with and without liver involvement.
Presence of Probable Portal Hypertension as Determined By Spleen Length/Patient Height Ratio
The SL/H ratio was elevated in 13 of 100 patients (13%). Two of these 13 patients (15%) could be characterized as having ''definite'' portal hypertension, as both had thrombocytopenia and one of them also had a history of esophageal varices complicated by bleeding. The remaining 11 patients were characterized as having ''probable'' portal hypertension, in the absence of thrombocytopenia or clinical stigmata. Given the small number of patients in the ''definite'' portal hypertension group, the ''probable'' and ''definite'' portal hypertension groups were analyzed together in a single cohort.
The average age of JS patients with probable portal hypertension was higher, although the difference did not reach statistical significance (11.7 vs 8.8 years, P ¼ 0.18). When the data were stratified into age groups, both thrombocytopenia and probable portal hypertension were most prevalent in patients 13 to 20 years of age (Fig. 2) .
On laboratory analysis, AP (269 vs 169 U/L, P 0.001), ALT (92 vs 42 U/L, P ¼ 0.004), AST (77 vs 40 U/L, P ¼ 0.002), and GGT (226 vs 51 U/L, P 0.001) were all significantly more elevated in the probable portal hypertension group (Table 3) . Although there was a statistically significant difference in the total bilirubin (0.52 vs 0.36 mg/dL, P ¼ 0.009) and direct bilirubin (0.14 vs 0.11 mg/dL, P ¼ 0.003), these 2 laboratory tests remained within normal limits in the entire cohort. Platelet counts were lower in the probable portal hypertension cohort (229 vs 299 Â 10 3 cells/mL, P ¼ 0.008), although the mean was within normal limits in both groups.
In terms of synthetic liver function, the average PT was higher, although still within normal limits, in the probable portal hypertension group (13.9 vs 13.5, P ¼ 0.04). Albumin levels were similar in both groups (P ¼ 0.76).
The APRI, an index used for predicting significant hepatic fibrosis or cirrhosis, was also compared between the 2 cohorts and the score was significantly higher in the probable portal hypertension group (1.2 AE 1.3 vs 0.3 AE 0.3, P 0.001). Overall, 8 patients in the entire cohort had an APRI score >1.0 and of those, 6 patients also had an elevated SL/H ratio. The USG findings of liver echotexture and echogenicity were compared in patients with and without probable portal hypertension (Table 4) . Echogenicity was divided into 2 groups: normal or mildly increased versus moderately or severely increased. The echotexture was also split into 2 groups: normal or mildly granular versus moderately or severely granular. When the 2 groups were compared, the frequency of increased echogenicity was higher in the probable portal hypertension group (P ¼ 0.004). However, there was no statistically significant difference in the severity of granularity (P ¼ 0.7) between the 2 groups.
The frequency of patients with each JS gene mutation was compared between the 2 cohorts. Of the 20 genes, TMEM67-related JS was found to be significantly more common among patients with an increased SL/H ratio (56% vs 16%, P ¼ 0.001). There was no statistically significant difference in the frequencies of other genes between the 2 groups. CEP290-related JS was only represented among patients without portal hypertension, although this did not reach statistical significance because of small numbers (0% vs 88%, P ¼ 0.6).
The entire cohort was evaluated for correlations between liver involvement and presence of other organ dysfunction, including kidney disease, retinal dystrophy, coloboma, and polydactyly. Kidney disease (77% vs 25%, P ¼ 0.001) and colobomas (62% vs 25%, P ¼ 0.02) were more prevalent in the probable portal hypertension group (Table 5) .
DISCUSSION
The rarity of JS makes it difficult to perform studies on a sufficiently large group of patients for statistically meaningful characterization of liver involvement in the context of other organ disease and specific JS genes. Studies published to date estimate the incidence of liver disease in JS at approximately 10% to 15%, likely an underestimate, as signs and symptoms of hepatic disease become noticeable later in life (8) . This study describes the first large cohort of JS patients who prospectively underwent comprehensive multisystem evaluations at a single center. Hence, we are able to present liver-related findings in JS in the context of other extraneurological manifestations as well as molecular genetic findings. In addition, the comprehensive nature of our data allowed us to identify parameters that may predict development of portal hypertension in JS.
Patients with liver involvement, as well as those with probable portal hypertension, were older than patients without liver involvement, underscoring the fact that liver disease in JS is progressive and symptomatic disease requires time to develop.
Our analysis of the laboratory biomarkers revealed significantly lower platelet counts, as well as elevated ALT, AST, AP, and GGT levels in JS patients with probable portal hypertension. All patients with elevated AP also had increased GGT levels, confirming hepatic origin for AP. In fact, the elevation in GGT was much higher than that of the other enzymes. This finding is likely related to bile duct injury or proliferation, which is common in patients with CHF in association with other ciliopathies (7) . PT and albumin levels were normal in all patients including the probable portal hypertension group, suggesting intact synthetic function of the liver, consistent with the pathophysiology of CHF, which is a form of noncirrhotic portal hypertension.
APRI, an index used for predicting significant hepatic fibrosis and cirrhosis, was significantly higher among JS patients deemed to have probable portal hypertension based on the SL/H ratio. The APRI has been used as a noninvasive tool for predicting cirrhosis in patients with hepatitis C, and subsequently validated in several other liver diseases (28) (29) (30) . The APRI score correlates with the hepatic venous pressure gradient, (23) but before this study, the APRI has not been applied to patients with noncirrhotic portal hypertension. This study suggests that there may be a role for this scoring system in determining severity of liver disease in patients with noncirrhotic portal hypertension, as in JS.
Liver USG in CHF shows diffusely increased echogenicity and echotexture as well as grossly heterogeneous liver parenchyma with hyperechoic areas representing sites of fibrosis (7) . In addition, some CHF patients may have macroscopic cystic dilatations of the medium-sized intrahepatic bile ducts, referred to as Caroli syndrome (7, 11) . None of the patients in this JS cohort had evidence of macrocystic disease in the liver, as seen in Caroli syndrome, and the CBD was normal size in all patients. This finding suggests that the risk for cholangitis in JS may be lower than other ciliopathies with biliary abnormalities. In our cohort, we found that JS patients with probable portal hypertension were more likely to have increased liver echogenicity on ultrasound, although there was no difference in the frequency of abnormal echotexture between the 2 groups. This suggests that liver USG can aid in the diagnosis of probable portal hypertension, but is best used in conjunction with other clinical findings.
Genotype-phenotype correlations in JS are hampered by the extreme genetic heterogeneity of JS, with >30 causative genes identified to date. Even in a large cohort such as ours, many genes are represented by only a few patients, limiting statistical power for correlations. The most commonly mutated genes in our JS cohort included TMEM67 (20%), C5orf42 (14%), CC2D2A (11%), CEP290 (8%), AHI1 (7%), and KIAA0586 (7%). We identified a strong association between liver disease in JS and the TMEM67 gene. This is consistent with data from previous studies, which reported similar associations (7, 9, 10, 31) . Only 1 of the 7 CEP290-related JS patients had liver disease, based on abnormal-appearing liver parenchyma seen on ultrasound, and none had enlarged spleen, suggesting that patients with CEP290-related JS are less likely to develop hepatic involvement and may not require rigorous surveillance for liver disease. Bachmann-Gagescu et al (2015) (9) also reported similarly low risk of liver disease in CEP290-related JS. However, to validate this finding, a larger number of CEP290-related JS patients needs to be phenotyped for liver disease. Finally, our data revealed that coloboma as well as kidney disease were more prevalent among patients with probable portal hypertension. The liver disease in JS is known to be associated with coloboma; this subset of JS patients has been referred to as having COACH syndrome (7) (8) (9) 22) . The relatively high frequency of kidney disease among JS patients with liver disease, an association recently reported in another large study has implications on management of these patients (9) .
Under the same protocol, we previously performed a similar analysis in a large cohort of patients with autosomal recessive polycystic kidney disease (ARPKD), another ciliopathy that by definition is associated with CHF (11). In our ARPKD cohort, the prevalence of portal hypertension was 65%, much higher than the 12% in our JS cohort. Furthermore, the severity of portal hypertension in ARPKD was much worse in comparison to JS, based on much larger spleen sizes and higher number of patients with collateral vessels (11) . We also noted other differences in the nature of liver disease when comparing our cohorts with JS and ARPKD. Differing from our findings on JS, the ARPKD cohort demonstrated no significant difference in hepatic enzymes between the portal hypertension and nonportal hypertension groups; patients with ARPKD without portal hypertension also had elevated liver enzymes. This is explainable by the fact that ARPKD is caused by mutations in a single gene (PKHD1) and hence results in some degree of CHF in all patients. In contrast, JS is caused by mutations in 1 of >30 genes, many of which do not have a known role in bile duct remodeling, and, hence not associated with ductal plate malformation/CHF. In addition, in ARPKD, we found a higher frequency of moderately/severely increased liver echogenicity on USG among those with portal hypertension. These differences between the two ciliopathies are potentially explainable by the more severe nature of CHF in ARPKD. Finally, the ARPKD study also showed that the APRI score was elevated in patients with portal hypertension.
This study does have several limitations. First, the size of the cohort is small, although it represents the largest number of subjects with JS evaluated at a single center. This reflects the rarity of JS. Second, owing to the extreme genetic heterogeneity of JS, many genes were represented by only a few patients. As a result, genotype-phenotype correlations were not possible to draw except for the most common genes. Third, our cohort may be enriched with JS patients with liver disease such as those with TMEM67-related JS because of ascertainment bias; such patients may have a greater interest in enrolling in research studies. Given that this study also evaluated other organ involvement, such as kidney and retina disease, there may also be a bias toward JS patients with other extraneurological disease. Lastly, use of the SL/H ratio to classify patients as having probable portal hypertension could have been confounded if the splenomegaly was caused by a disease process not related to hepatic dysfunction and we recognize that the majority of our patients could only be categorized as having ''probable'' portal hypertension. However, given the pediatric cohort, it was not feasible to look for more definitive stigmata of portal hypertension, such as esophageal varices or elevated portal pressures, without clinical indication for EGD or transjugular liver biopsy, respectively.
In conclusion, this study characterized liver disease in a large cohort of patients with JS. Patients with liver disease were relatively older underscoring the progressive nature of CHF in JS that may not be recognized early on, and hence, requires regular monitoring. Significant elevations in liver enzymes, especially GGT, as well as spleen size and thrombocytopenia, may be useful in predicting probable portal hypertension. APRI may also be useful in predicting disease severity in noncirrhotic portal hypertension. Differing from ARPKD, JS patients do not have cystic dilatations of the biliary system (Caroli syndrome), suggesting that JS patients may not be at increased risk for cholangitis. Patients with TMEM67-related JS are at highest risk for liver disease complicated by probable portal hypertension; hence, retinal colobomas that are present at birth and associated with TMEM67-related JS, increase the risk for significant liver disease. This information can be useful for clinicians to identify patients with JS at risk for developing advanced liver disease, and to devise optimal surveillance for those individuals.
